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Cold-deacclimation of Oilseed Rape (Brassica napus var. oleifera) in Response to
Fluctuating Temperatures and Photoperiod
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The aim of this work was to establish the role of factors that may trigger elongation growth in the dehardening
response, namely temperature during daylight, photoperiod and vernalization. Fully cold-acclimated seedlings of
winter (with incomplete vernalization) and spring oilseed rape were subjected to deacclimation under tempera-
tures of 2/12, 12/2, 12/12, 12/20, 20/12 and 20/20 °C (day/night) and a 12 h photoperiod. Plants were also deac-
climated under photoperiods of 8 and 16 h at constant temperatures of 12 and 20 °C. After deacclimation, plants
were subjected to reacclimation. Results suggest that the level of growth activity induced during deacclimation
affects both the deacclimation rate and the capacity for reacclimation. Deacclimation is fully reversible if it is
not accompanied by induction of elongation growth. In such cases the rate of the decrease in freezing tolerance
depends on the mean temperature of deacclimation. Deacclimation becomes partially or completely irreversible
when it is connected with promotion of elongation growth. The stimuli triggering elongation growth during
deacclimation may be the growth-promoting temperature (20 °C) during the day and the lack of vernalization
blockage of elongation growth. When elongation growth was stimulated by other factors such as long-day treat-
ments, rehardening was also disturbed. ã 2002 Annals of Botany Company
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INTRODUCTION

Gay and Eagles (1991) provided quantitative data on the
effects of a range of temperatures on deacclimation in
Lolium. The time course of dehardening changed exponen-
tially to an asymptote that was logistically related to
temperature. Svenning et al. (1997) showed a similar
relationship in white clover. Eagles and Williams (1992)
studied the effects of ¯uctuating temperatures on deharden-
ing in Lolium. They showed that low night-time tempera-
tures may, in some cases, reduce the dehardening response
to higher daytime temperature.

There is little information available in the literature on the
effect of environmental factors during deacclimation on the
capacity for reacclimation, which appears essential for
overwintering. Recent studies on the temperature depend-
ence of the deacclimation rate have shown that not only
temperature per se but also the temperature of the light
phase is crucial for the reversibility of the process (unpubl.
res.). Increasing daytime temperatures accelerated the rate
of elongation growth and in such cases deacclimation was
non-reversible. This suggests involvement of the redox state
of photosystem II, which is proposed to be one of the
possible sensors of temperature change and which also
affects the rate of elongation growth (Huner et al, 1998;
Rapacz, 1998a, b). The elongation growth rate in oilseed
rape is also controlled by vernalization requirements

(Rapacz et al., 2001) and photoperiod (Dahanayake and
Galwey, 1999).

The present experiment was designed to establish the role
of factors that may promote elongation growth during
deacclimation. To this end, the effect of ¯uctuating daytime
temperatures which promote (20 °C) and halt (12 and 2 °C)
elongation growth were investigated. The effect of photo-
period during deacclimation at constant temperatures (12
and 20 °C) was studied to evaluate the role of photoperiodic
control in the dehardening response to growth-promoting
and non-growth-promoting temperatures. The experiment
was performed on spring (no vernalization requirement) and
winter (incomplete vernalization) cultivars of oilseed rape.
(The winter cultivar `GoÂrczanski' used in the experiment
requires 8±10 weeks at 2 °C to complete vernalization; Filek
and Dubert, 1994.)

MATERIALS AND METHODS

Plant material and growth conditions

The experiments were performed on spring (Brassica napus
L. var. oleifera f. annua `Star'; DLF Trifolium, Denmark)
and winter oilseed rape (Brassica napus L. var. oleifera f.
bienae `GoÂrczanski'; HBP, Poland). Seeds were sown in
20 cm diameter pots containing loam : sand : peat (1 : 1 : 1;
v/v/v), with nine seeds per pot. Seeds were germinated
under controlled-environment conditions with a photosyn-
thetic photon ¯ux density (PPFD) of 300 mmol m±2 s±1

(sodium light; `Agro', Philips), a temperature of 20 °C and a
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photoperiod of 12 h. When approx. 50 % of the plants had
emerged from the soil the temperature was reduced to 12 °C
and seedlings were thinned to eight per pot (if necessary).
After 5 weeks, plants were subjected to cold acclimation at
2 °C with a 12 h photoperiod and a PPFD as above. After
4 weeks, plants were subjected to deacclimation in various
day/night temperature regimes: 20/20, 20/12, 12/20, 12/12,
12/2, 2/12 and 2/2 °C (as the control) for 2 weeks. Plants
subjected to ¯uctuating temperatures were transferred on
trolleys between growth chambers at the appropriate
temperature. The transfer time was less than 2 min and is
highly unlikely to confound the results. In all conditions a
12 h photoperiod was maintained. In the constant 20 and
12 °C treatments, plants were also deacclimated for 2 weeks
under 8 and 16 h photoperiods. The correct photoperiod was
maintained using rigid light-proof walls that divided 12 and

20 °C chambers into compartments with their own lamps
and air ¯ow from side walls. Light source and PPFD was as
in the previous stages of the experiment. After deacclima-
tion, the plants were transferred back to the cold-acclimat-
ing conditions (as above) in order to reacclimate. Water was
supplied during the day as required and plants were
fertilized once a week with half-strength Hoagland's
solution.

All data presented are means of three independent
experiments. Each experiment involved ®ve biological
replications (pots) for each experimental treatment.

Frost resistance

Estimation of LT50 (the temperature at which 50 % of
samples are injured) for leaf discs (area approx. 1´75 cm2)

F I G . 1. The effect of ¯uctuating temperature during deacclimation (12 h photoperiod) on frost resistance of winter `GoÂrczanski' (A) and spring `Star'
(B) cultivars of oilseed rape. Plants were initially acclimated for 4 weeks at 2 °C under a 12 h photoperiod. Data points indicate LT50 (based on

electrolyte leakage tests from frozen leaf discs) 6 con®dence intervals for P = 0´05.
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was performed on the basis of electrolyte leakage tests
following the method described by Rapacz (1999). Discs cut
from the two youngest, but fully expanded leaves were
placed individually on ice in plastic vessels. They were
frozen at a rate of 0´2 K min±1 to the desired testing
temperature (±3, ±6, ±9, ±12, ±15 and ±18 °C), which was
maintained for 1 h. Thawing was performed for 24 h at
+2 °C on a laboratory shaker. The index of injury was
calculated according to Flint et al. (1967). LT50 was
calculated from the linear regression ®tted within the linear
range of the relationship between freezing temperature and
index of injury (using at least three temperatures).
Determinations were performed on ten replicates (discs)
for each freezing temperature.

Other analyses

In each of the three experiments, stem length of ®ve
plants was measured every week during deacclimation and
at the end of reacclimation (i.e. for 15 plants in total for each
temperature and photoperiod combination). Leaf area
expansion rate was measured on the same plants as stem
length. Leaf area was measured every 2 d during de-
acclimation or every week during reacclimation using a
hand scanner and Delta-T-Scan software (Delta T, London,
UK).

The osmotic potential of cell sap in leaves was measured
in 15 replicates (®ve plants from each experiment) with a
dewpoint microvoltometer (HR 33T; Wescor, Logan, UT,
USA) supplied with a C-52 sample chamber. In each
replicate, cell sap was squeezed out with a ®xed amount of
force from two leaf discs (7 mm in diameter) taken from the
youngest fully expanded leaf and frozen in liquid nitrogen.

RESULTS

Deacclimation rate and reacclimation ability

Frost resistance of both cultivars studied in the present
experiment was strongly related to the temperature of
deacclimation (Fig. 1). The rate of deacclimation was faster

at 20 °C than at 12 °C in both winter and spring cultivars.
The response for ¯uctuating temperatures was almost the
same in both cultivars. The deacclimation rate was similar
in the 12/12, 12/20, 20/12 and 20/20 °C (day/night)
treatments. However, when lower temperatures were
applied (12 and 2 °C), the dehardening rate appeared to
depend on the sum of day and night temperatures.
Deacclimation rates observed at 12/2 and at 2/12 °C were
similar, and were lower than those observed in continuous
12 °C conditions. This effect was stronger in the winter
cultivar `GoÂrczanski'.

Manipulation of photoperiod also affected deacclimation
(Fig. 2). When long-day (LD) conditions (16 h day/8 h
night) were applied during the 2 weeks of deacclimation,
hardiness of the spring oilseed rape decreased signi®cantly
regardless of the deacclimating temperature (Fig. 2B). In the
winter cultivar no effect of photoperiod on deacclimation at
12 °C was recorded, whereas a small decrease in resistance
was observed under LD conditions at 20 °C.

The persistence of deacclimation as affected by thermo-
and photoperiod was studied during reacclimation at 2 °C
and a 12 h photoperiod. After 4 weeks of reacclimation,
plants of the winter cultivar recovered resistance to a similar
level or higher than that obtained prior to deacclimation
(±14´2 °C) at 2/12, 12/2, 12/12 and 12/20 °C, irrespective of
the photoperiod (Table 1). In plants deacclimated at 20/12
and 20/20 °C reacclimation ability was reduced by approx.
2 °C. The effect of photoperiod was statistically insigni®-
cant. In the spring cultivar, the decrease in frost resistance
was observed even in control plants which were character-
ized by an LT50 of ±14´7 °C after initial cold acclimation
(Table 1). As in the winter cultivar, plants deacclimated at 2/
12, 12/2, 12/12 and 12/20 °C were as resistant as the control.
However the effect of photoperiod was remarkable, and LD-
12/12 °C-deacclimated plants were less hardy. Plants
deacclimated under warm days (20/12 and 20/20 °C) were
unable to reacclimate to a great extent. As a consequence,
frost resistance of plants deacclimated at 20/20 °C and under
LD was similar to that observed after deacclimation (Fig. 2B,
Table 1).

F I G . 2. The effect of photoperiod during 2 weeks of deacclimation at +12 (open bars) and +20 °C (closed bars) on frost resistance of winter
`GoÂrczanski' (A) and spring `Star' (B) cultivars of oilseed rape. Plants were initially acclimated for 4 weeks at 2 °C under 12 h photoperiod. Data

points indicate LT50 (based on electrolyte leakage tests from frozen leaf discs) 6 con®dence intervals for P = 0´05.
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Growth rate and water relations during deacclimation and
reacclimation

The effects of various temperature/day length treatments
on frost resistance during dehardening and reacclimation
can be explained by differences in growth rate during
deacclimation and reacclimation (Table 2). More rapid
elongation of stems and higher rates of leaf area expansion
were recorded in `GoÂrczanski' plants deacclimated under
warm day conditions (20/12 and 20/20 °C), irrespective of
the photoperiod. No differences (stems) or only small dif-
ferences (leaves) were recorded in elongation growth rate
between plants deacclimated at 2/12, 12/2, 12/12 and
12/20 °C. Nor was any signi®cant effect of photoperiod
recorded. The results correspond well with differences in
frost resistance recorded on leaves during deacclimationÐ

the more rapid the elongation growth the more rapid the
decrease in frost resistance.

In the spring cultivar `Star', the fastest elongation growth
rate was noticed under warm-day conditions of deacclima-
tion (20/12, 20/20 °C) (Table 2). Elongation growth rates for
stems and leaves did not differ for plants deacclimated at
12/20 and 12/12 °C, or for plants deacclimated at 12/2 and
2/12 °C. However, rates were faster in the former than in the
latter group of plants. The same was observed for frost
resistance (Fig. 1B). A 16 h photoperiod enhanced stem
elongation at both 12 and 20 °C without affecting leaf area
expansion rate (Table 2).

Increases in osmotic potential and water content in leaves
were recorded in both cultivars during deacclimation (Table
3). For both cultivars the highest increase in osmotic
potential was recorded in 12/20 °C-deacclimated plants
whereas the highest increase in water content was in 20/12
and 20/20 °C-deacclimated plants. Temperatures of 12/20 °C
may favour dark respiration over photosynthesis. The high
water content of leaves in the 20/20 and 20/12 °C treatments
may be connected with the rapid elongation growth recorded
for these plants (Table 2).

Plants that started to elongate rapidly during deacclima-
tion also continued to elongate rapidly during reacclimation
(Table 4). The spring cultivar was characterized by
increased stem elongation compared with the winter
cultivar. In `GoÂrczanski' and `Star', the fastest elongation
of stems was recorded in plants deacclimated at 20/12 and
20/20 °C. Additionally, when `Star' was deacclimated under
LD (at both 12 and 20 °C), the elongation rate of stems was
greater than that of plants dehardened under 12 and 8 h
photoperiods. These results are in good agreement with
®ndings concerning reacclimation ability and suggest that
fast elongation growth may disrupt reacclimation.

Although differences in osmotic potential recorded after
reacclimation did not re¯ect differences in frost resistance,
plants less able to reacclimate were generally characterized
by a reduced ability to decrease osmotic potential during
reacclimation (Tables 1 and 4). This was apparent for

TABLE 2. Elongation growth of stem and leaf area expansion rate during 2 weeks of deacclimation of winter and spring
oilseed rape as affected by temperature and photoperiod

Temperature of Photoperiod during
Stem elongation (cm) Leaf area expansion rate (cm2/14 d)

deacclimation
(°C; day/night)

deacclimation
(day length; h)

Winter cultivar
`GoÂrczanski'

Spring cultivar
`Star'

Winter cultivar
`GoÂrczanski'

Spring
cultivar `Star'

2/2 (control) 12 0´2 6 0´11 0´8 6 0´21 1´4 6 0´9 7´4 6 0´9
2/12 12 0´4 6 0´09 1´8 6 0´39 2´6 6 0´8 9´9 6 1´2
12/2 12 0´3 6 0´12 1´5 6 0´37 2´7 6 0´7 10´8 6 0´8
12/12 12 0´5 6 0´19 2´7 6 0´46 5´6 6 0´8 13´5 6 1´6
12/12 8 0´4 6 0´21 2´1 6 0´34 5´3 6 0´6 12´8 6 1´2
12/12 16 0´6 6 0´28 3´2 6 0´31 5´1 6 0´8 13´4 6 1´3
12/20 12 0´7 6 0´26 2´5 6 0´28 5´8 6 0´9 14´2 6 0´9
20/12 12 1´5 6 0´38 10´8 6 0´38 21´0 6 1´7 25´2 6 1´1
20/20 12 1´3 6 0´29 11´8 6 0´54 23´2 6 1´3 24´3 6 0´7
20/20 8 1´2 6 0´28 10´2 6 0´65 22´5 6 1´2 24´7 6 1´2
20/20 16 1´8 6 0´36 14´1 6 0´78 23´9 6 1´1 25´3 6 1´5

Mean of 15 replications (plants) 6 s. e.

TABLE 1. The effect of temperature and photoperiod during
2 weeks of deacclimation on the reacclimation ability of

oilseed rape

Temperature of Photoperiod during
LT50

deacclimation
(°C; day/night)

deacclimation
(day length; h)

Winter cultivar
`GoÂrczanski'

Spring cultivar
`Star'

2/2 (control) 12 ±14´8 6 0´25 ±13´8 6 0´24
2/12 12 ±14´5 6 0´34 ±13´9 6 0´35
12/2 12 ±14´7 6 0´23 ±13´5 6 0´31
12/12 12 ±14´3 6 0´36 ±13´8 6 0´32
12/12 8 ±14´5 6 0´34 ±13´8 6 0´21
12/12 16 ±14´2 6 0´23 ±12´5 6 0´27
12/20 12 ±14´6 6 0´45 ±13´5 6 0´21
20/12 12 ±12´9 6 0´34 ±9´7 6 0´38
20/20 12 ±12´1 6 0´23 ±8´3 6 0´51
20/20 8 ±12´2 6 0´37 ±7´8 6 0´38
20/20 16 ±11´8 6 0´45 ±6´8 6 0´24

LT50 was measured after 4 weeks of reacclimation at 2 °C by means
of electrolyte leakage tests from frozen leaf discs.
Indicated con®dence intervals for P = 0´05.
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`GoÂrczanski' plants deacclimated at 20/20 °C and for almost
all `Star' plants. `Star' plants deacclimated at 20/20 °C,
which were almost completely unable to reacclimate, were
also unable to lower their osmotic potential during
reacclimation.

DISCUSSION

Effects of temperature and photoperiod during dehardening

The present results suggest that the level of growth activity
induced during deacclimation affects both the deacclima-
tion rate and the capacity for reacclimation. Deacclimation
is fully reversible if it is not accompanied by induction of
elongation growth. In such cases the rate of the decrease in
freezing tolerance depends on the mean temperature of
deacclimation. Deacclimation becomes partially or com-
pletely irreversible when it is associated with promotion of
elongation growth during deacclimation and subsequent
reacclimation. Both reversible and irreversible deacclima-
tion are primarily regulated by temperature (i.e. temperature

rise is an absolute requirement for full deacclimation). If
elongation growth is not promoted during deacclimation,
then the rate of deacclimation depends on the average
temperature, irrespective of ¯uctuations. Similar results
were obtained by Gay and Eagles (1991), Eagles and
Williams (1992), and Svenning et al. (1997).

Irreversibility of deacclimation seems to be associated
with promotion of elongation growth during deacclimation
which, according to the present results, may be triggered
either by (1) high temperatures during the day; (2) LD
conditions; or (3) full vernalization.

The ®rst factor that may trigger elongation growth during
deacclimation is a rise in daytime temperature. Both winter
and spring cultivars of oilseed rape commenced elongation
when daytime temperatures reached 20 °C, regardless of the
night-time temperature. This suggests that it is not tem-
perature per se but the interaction of low light and high
temperature (PSII excitation pressure; Huner et al., 1998)
that is required for growth promotion during deacclimation.
Thus, under low irradiance (for instance in northern
latitudes during winter), elongation growth may be pro-

TABLE 4. The effect of temperature and photoperiod during deacclimation of oilseed rape on stem elongation during
reacclimation and the osmotic potential after 4 weeks of reacclimation at +2 °C

Temperature during Photoperiod during
Stem elongation (cm) Osmotic potential (MPa)

deacclimation
(°C; day/night)

deacclimation
(day length; h)

Winter cultivar
`GoÂrczanski'

Spring cultivar
`Star'

Winter cultivar
`GoÂrczanski'

Spring cultivar
`Star'

2/2 (control) 12 0´03 6 0´01 1´8 6 0´23 ±1´14 6 0´08 ±0´90 6 0´07
2/12 12 0´04 6 0´02 1´6 6 0´18 ±1´25 6 0´17 ±1´07 6 0´11
12/2 12 0´02 6 0´01 1´9 6 0´31 ±1´19 6 0´09 ±0´88 6 0´07
12/12 12 0´06 6 0´03 1´7 6 0´28 ±1´02 6 0´06 ±0´89 6 0´06
12/12 8 0´03 6 0´01 1´6 6 0´34 ±1´00 6 0´08 ±0´87 6 0´04
12/12 16 0´02 6 0´01 2´2 6 0´25 ±1´05 6 0´11 ±0´81 6 0´09
12/20 12 0´02 6 0´02 1´8 6 0´35 ±1´09 6 0´04 ±0´73 6 0´06
20/12 12 0´15 6 0´03 3´6 6 0´41 ±1´00 6 0´06 ±0´85 6 0´03
20/20 12 0´17 6 0´05 3´2 6 0´34 ±0´96 6 0´02 ±0´67 6 0´04
20/20 8 0´16 6 0´06 2´9 6 0´44 ±0´91 6 0´05 ±0´71 6 0´05
20/20 16 0´18 6 0´04 3´8 6 0´27 ±0´89 6 0´07 ±0´69 6 0´03

Mean of 15 replications 6 s. e.

TABLE 3. Osmotic potential of cell sap in leaves and water content in leaves during cold deacclimation of winter and
spring oilseed rape as affected by temperature

Temperature during
Osmotic potential (MPa) Water content (% of f. wt)

deacclimation
(°C; day/night)

Winter cultivar
`GoÂrczanski'

Spring cultivar
`Star'

Winter cultivar
`GoÂrczanski'

Spring cultivar
`Star'

2/2 (control) ±1´06 6 0´05 ±0´94 6 0´02 73´5 6 1´2 76´9 6 1´4
2/12 ±0´81 6 0´01 ±0´82 6 0´01 72´8 6 1´7 78´9 6 1´1
12/2 ±0´90 6 0´07 ±0´89 6 0´05 76´2 6 1´1 79´2 6 0´6
12/12 ±0´81 6 0´05 ±0´72 6 0´02 76´3 6 0´6 78´7 6 0´7
12/20 ±0´68 6 0´09 ±0´69 6 0´02 75´8 6 1´5 77´4 6 2´5
20/12 ±0´90 6 0´02 ±0´72 6 0´02 81´4 6 2´6 82´6 6 0´7
20/20 ±0´87 6 0´04 ±0´85 6 0´04 79´2 6 2´1 80´3 6 1´6

Mean of 15 replications (plants) 6 s. e.
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moted at relatively lower temperatures and consequently the
most ef®cient deacclimation may be expected under condi-
tions of low light or in darkness. Modulation of the relative
reduction state of PSII by a combination of light and
temperature may modulate the rate of elongation growth
synergistically with phytochrome (Bowler and Chua, 1994)
or sugar sensing (Koch, 1996). The range of temperatures
that trigger elongation seems to depend on species and
even cultivar. For oilseed rape, any temperature over approx.
15 °C (depending on irradiance) should be considered to
promote elongation growth (Rapacz, 1998b). During
dehardening of two white clover cultivars, stolon elongation
was observed at 12 or at 18 °C, respectively (Svenning et al.,
1997).

Irreversible deacclimation depends not only on tempera-
ture but also on photoperiod and vernalization response. LD
conditions accelerate stem elongation and ¯owering in both
winter and spring cultivars of oilseed rape (Hillman, 1969;
Dahanayake and Galwey, 1999). In the present experiment,
LD conditions favour irreversible deacclimation in the
spring cultivar deacclimated at 12 and 20 °C. This indicates
that LD can affect the deacclimation and reacclimation of
spring plants, with no vernalization requirement, but cannot
affect deacclimation and reacclimation in non-fully-verna-
lized winter rape. This suggests that LD conditions have an
effect on the stimulation of generative development. In
addition, LD conditions affected stem elongation only,
while other factors triggered both stem elongation and leaf
expansion. Other studies have shown that photoperiod may
in¯uence dehardening if it promotes bud break and initiation
of growth (Junttila, 1997). Photoperiodic effects on
deacclimation have been demonstrated, e.g. in timothy
and white clover (Eagles, 1994). Two cultivars of white
clover both produced at the Institute of Grassland and
Environmental Research in the UK were characterized by
different responses to photoperiod during dehardening. The
cultivar `AberHerald' was equally susceptible to deharden-
ing at temperatures from 4 to 12 °C both in long- and short-
days (SD), whereas the cultivar `AberCrest' dehardened in
LD, but retained much of its acquired hardiness in SD
conditions.

In spring oilseed rape, vernalization is not required for
¯owering but nevertheless cold markedly accelerates
formation of ¯ower shoots and buds (Dahanayake and
Galwey, 1999). The present results showed that spring
oilseed rape was more susceptible than winter oilseed rape
to any conditions of deacclimation and that it may lose its
acquired resistance even during prolonged low temperature.
On the other hand, the dehardening response to
high temperature was similar in both spring and winter
cultivars. This suggests that there may be an additive
response of plants to vernalization and high daytime
temperatures.

Vernalization may trigger loss of frost resistance even
under cold-acclimating conditions. This has been demon-
strated for wheat and rye (Fowler et al., 1996), for various
Cruciferae species excluding winter oilseed rape (Laroche
et al., 1992) and for spring oilseed rape (Laroche et al.,
1992; Rapacz et al. 2001).

The role of growth cessation during reacclimation

We have demonstrated that further reacclimation ability
is limited if elongation growth has begun during deacclima-
tion. According to Levitt (1972), a cessation of elongation
growth is a prerequisite for cold acclimation. The effect of
growth cessation or dormancy on acclimation ability has
been noted in many experiments involving both woody and
herbaceous plants. In oilseed rape, growth cessation during
cold acclimation may enhance frost resistance almost two-
fold (Rapacz, 1998b). Growth cessation and hardening were
clearly correlated in Scots pine (Pinus silvestris L.),
indicating that growth must cease prior to hardening, and
that earlier cessation of growth leads to earlier frost
hardening of stems and needles (Repo et al., 2000). In
alfalfa (Medicago sativa L.), winter hardiness and late
summer and autumn growth (autumn dormancy) are
strongly associated (Brummer et al., 2000).

According to Levitt (1972), rapid elongation growth may
interfere with cold acclimation mainly as a result of
competition for photoassimilates between growth and
acclimation (when assimilates accumulate to reduce osmo-
tic potential). The water content is also higher in growing
parts of the seedling and thus they can be more susceptible
to freezing. The present results showed that reacclimation
was accompanied by accumulation of osmotically active
particles but that changes in water relations during
deacclimation were independent of both frost resistance
and elongation growth rate.

It can be assumed that acceleration of elongation growth
interferes with cold acclimation not only through energy
competition and water balance of the seedling, but also
through reprogramming of the whole development process,
which may disturb signal transduction pathways and gene
expression involved in cold acclimation. Evidence for such
reprogramming was reported recently in the case of winter
wheat and winter barley plants moving from the vegetative
to reproductive stage (Mahfoozi et al., 2000, 2001a, b).
These authors suggested that vernalization and photoperiod
responses down-regulate the expression of low-temperature
tolerance genes through their in¯uence on the rate of plant
development. The present results con®rm that deacclima-
tion was more effective and non-reversible in oilseed rape
plants that had entered the reproductive stage during
deacclimation (spring plants, especially under LD treat-
ment). On the other hand, the decrease in cold reacclimation
ability was also observed in plants that remained in the
vegetative stage but that lost the prehardening-induced
cessation of elongation growth (winter rape plants). Thus, it
appears that not only genes controlling the stage of
phenological development (including genes controlling
elongation growth rate), but also genes controlling elonga-
tion growth rate per se can regulate the expression of low-
temperature tolerance genes.
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